Through first-principles calculations, the phonon-limited transport properties of cubic boron-V compounds (BP, BAs and BSb) are studied. We find that the high optical phonon frequency in these compounds leads to the substantial suppression of polar scattering and the reduction of inter-valley transition mediated by large-wavevector optical phonons, both of which significantly facilitate charge transport. We also discover that BAs simultaneously has a high hole mobility (2110 cm 2 /V-s) and electron mobility (1400 cm 2 /V-s) at room temperature, which is rare in semiconductors. Our findings present a new insight in searching high mobility polar semiconductors, and point to BAs as a promising material for electronic and photovoltaic devices in addition to its predicted high thermal conductivity.
use of Monte Carlo technique, Fischetti and Laux investigate the electron mobilities in different
types of materials such as Si, GaAs and SiGe alloys [13] [14] [15] .
The recent development of density-functional perturbation theory (DFPT) [16] has opened a new route to investigating electron-phonon interactions within the first-principles framework. In addition, the Wannier interpolation scheme [17, 18] has enabled electron transport studies through a mode-by-mode analysis on a very fine k-mesh, based on first-principles inputs.
As a result of these advancements, computation of transport properties by combining firstprinciples coupling matrices with BTE becomes practical when momentum space can be near continuously sampled. Carrier transport has thus been studied in a series of benchmark materials.
For silicon, Restrepo et al. [19] initially carried out the first-principles calculation for the electron mobility. Qiu et al. [20] then presented carrier mobility and mean-free-path (MFP) spectra at different carrier concentrations and temperatures. The electron-phonon interactions as well as the transport properties of two-dimensional materials such as graphene [21] , silicene [22] , phosphorene [23] , and transition metal dichalcogenides [24] were also presented. Very recently, this framework was extended to study carrier mobility in the strongly polar material GaAs [25, 26] , and to study the thermoelectric properties of IV-VI group [27, 28] and half-Heusler compounds [29] .
Although one of the least studied III-V semiconductors, zinc-blende BAs has recently drawn much attention due to its predicted high intrinsic thermal conductivity [30] . Theoretical studies have revealed that the room-temperature thermal conductivity of BAs could reach as high as ~1400 W/m-K [31] . Meanwhile, experimentally obtained thermal conductivities in the range of only 200 to 400 W/m-K have been reported [32] [33] [34] [35] , primarily due to challenges in growing large defect-free BAs crystals. Nonetheless, it is already a promising competitor to the best traditional heat conductors such as copper, and further improvement in crystal quality is in progress. Based on the Shockley-Queisser theory [36, 37] , BAs has also been considered as a candidate for photovoltaic material owing to a properly 1.50 eV bandgap [38, 39] . In addition, it was recently suggested via first-principles calculations that BAs has much longer hot-carrier lifetime than other IV and III-V group semiconductors [40] , which further benefits its use in photovoltaics.
Despite the previous efforts devoted in studying transport properties, little is known about the carrier mobilities as well as the carrier MFPs in single-crystal BAs. 
Here, Ω BZ is the volume of the first Brillouin zone. ε nk represents the electron energy in band n at wavevector k, and ω pq represents the phonon frequency in mode p at wavevector q. f nk and n pq are the Fermi-Dirac and Bose-Einstein distribution functions, respectively. M nk, pq mk+q is the electron-phonon coupling matrix indicating the coupling strength of the three-particle process nk 
where Ω, N k and g e are, respectively, the volume of the unit cell, the number of sampling points in the Brillouin zone and the degeneracy of electrons. n c is the carrier concentration, and v nk,α denotes the group velocity of electrons in the α direction.
The electron and phonon band structures are, respectively, computed within the densityfunctional theory (DFT) and DFPT framework, employing the Quantum ESPRESSO package [43] . We use a fully relativistic norm-conserving pseudopotential with the Perdew-Zunger exchange-correlation functional for all types of atoms in this study. In the DFT calculations, a broken down into each phonon mode for BP, BAs and BSb at 300 K and a carrier concentration of 10 17 cm −3 . It can be seen that among these materials, the electron-phonon interactions in both valence and conduction bands are dominated by the acoustic-deformation-potential scattering (particularly by the LA phonons). As expected of deformation-potential scattering, the electron scattering rate due to the acoustic mode basically follows the functional form of ε x , where the exponent x is determined by the band shape (x = 0.5 for parabolic dispersion) [8] . Through inspection of the plots of scattering rates, inter-valley versus intra-valley transitions can be identified. For BSb, the LA-phonon scattering rate shows a kink around 0.03 eV in the conduction band, which is due to inter-valley transitions. This occurs in BSb due to the shallow pocket of the band minimum (see Fig. 1(c) ), where the intra-valley scatterings can only take place over a very small range of energy. In contrast, intra-valley transitions dominate the electron-phonon interaction in BP and BAs.
The dark red points (scattering due to LO phonons) in Figs. 1(d) to 1(f) reflect the electron interaction with the macroscopic polarization field in polar materials. As an example, in the conduction band of BAs (right panel in Fig. 1(e) ), the polar-optical-phonon interaction is dominated by the phonon-absorption processes around the band edge, showing a nearly energyindependent function of the scattering rate. As the energy increases beyond ħω LO (the energy of LO phonons), the phonon-emission processes start to take over the scattering channel, and the polar scattering has substantial contribution to the electron-phonon interaction. However, in contrast to what occurs in strongly polar materials such as GaAs, the polar-optical-phonon interaction has much less effect on the electron transport in BAs (also similarly in BP and BSb), for which there are two possible reasons. (i) The polarization field induced by the LO phonons is weak due to either the large dielectric constant or the small effective charge, both of which tend to decrease the coupling strength between electrons and LO phonons.
(ii) The occupation number of LO phonon is low, which usually occurs when the optical mode possesses high vibrational frequencies. We found that the suppression of polar scattering is caused by the latter, which will be discussed shortly.
The mobility can be obtained through Eq. (2) with the computed scattering rates. It should be emphasized that ionized impurity scattering is not included here. We found that including the spin-orbit coupling in the DFT calculation is crucial for studying hole mobility, since the presence of spin-splitting gap in the valence band manifold substantially affect the scattering channels of electron-phonon interactions. This is observed in the trend of total scattering rates as shown in Figs. 1(d) to 1(f)-the scattering rate of holes becomes smaller due to the larger spin-splitting gap as the anionic atom goes down the periodic table. In Fig. 2(a) , the electron and hole mobilities of BP, BAs and BSb are presented at 300 K with respect to varying carrier concentrations. The mobilities drop at high carrier concentration since the higher-energy electrons are usually subjected to stronger phonon scatterings arising from larger joint density of states. The temperature-dependent mobilities are shown in Fig. 2(b) , which indicates that the carriers' mobilities are sensitive to temperature. In our calculations, BAs shows a 85% reduction in hole mobility (from 6360 to 930 cm 2 /V-s) when the temperature rises from 200 K to 400 K.
This can be attributed to the increase in the phonon occupation number at elevated temperatures, which leads to enhanced electron-phonon interaction. In BAs, the temperature dependencies of hole and electron mobilities follow the trend of ~T −2.8 and ~T −2.4 , respectively, which departs from the typical T −1.5 trend. This is owed to the enhancement of inter-valley and inter-band scatterings at room temperatures [8] .
Our first-principles calculations reveal that single-crystal BAs simultaneously possesses a high hole mobility (2110 cm 2 /V-s) and high electron mobility (and 1400 cm 2 /V-s) at room temperature. This is unusual since most common IV and III-V group semiconductors exhibit a high mobility for only one type of carrier. We further discuss the MFP spectrum of the electrical conductivity, which provides critical information for manipulating electron transport at the nanoscale. In Fig. 3(a) , we plot the MFP spectra of holes (dashed) and electrons (solid lines) for BP, BAs and BSb at 300 K and a carrier concentration of 10 17 cm −3 . Compared to the phonon MFP spectrum, the electron MFP spectrum is expected to have a much narrower span of distribution since the Fermi-Dirac distributions limit the states that can contribute to transport. For BAs, our calculations demonstrate that contributions to the hole conductivity mostly come from states with MFPs within the range of 50 nm to 180 nm, while for the electrical conductivity, they come from states with MFPs of 20 nm to 70 nm. In comparison, contributions to the thermal conductivity come from phonons with MFPs up to several micrometers [47] . In BAs, the spin-orbit-couplinginduced splitting leads to the isolation of the spin-off band (see Fig. 1(b) , E SO = 0.216 eV by DFT calculation) from the valence band maximum, and therefore the hole transport mostly happens in the light-and heavy-hole bands. The spin-off band starts to participate in the electron-phonon interactions in heavily-doped regimes where the Fermi level shifts into the valence band. This drives the more significant shift (reduction) of the hole MFP spectrum compared to the electron MFP spectrum as the carrier concentration increases (Fig. 3(b) ), and is the underlying reason behind the greater electron mobility in BAs than hole mobility, at high carrier concentration ( Fig.   2(a) ).
Finally, we discuss the physical mechanisms underlying the remarkable suppression of the polar-optical-phonon interaction in BAs. The coupling strength between phonons along the Γ→X and Γ→L directions, and between the electrons and holes at the band extrema, are plotted in Fig. 4(a) . The coupling strength due to LO phonons diverge near the Γ point, which is expected for polar materials, as discovered by Fröhlich [5] . By DFPT calculations, we found that
BAs has a comparable high-frequency dielectric constant (ε ∞ = 9.6) to GaAs (ε ∞ = 10.9).
Although the calculated Born effective charges (Z * ) of BAs are ±0.55, about four times smaller than those of GaAs (note that the long-range Coulomb contribution in the Fröhlich interaction is proportional to Z * /ε ∞ [18] ), the electron-LO-phonon coupling strength still overwhelms other modes, especially when q is small. For comparison, we plot the coupling strength of GaAs in Fig. 4(b) . The results as shown indicate that the interactions between the carriers and the LO phonons should be significant; however, the electron-phonon interaction in BAs is dominated by acoustic phonons as previously discussed. This discrepancy leads to the investigation in the occupations of LO phonons.
In Fig. 4(c) , we plot the room-temperature phonon occupancy function of BAs along the corresponding directions. One can see that the occupation number of acoustic phonons is at least two orders of magnitude greater than that of LO phonons around the Γ point, which is clearly different from what can be seen for GaAs (Fig. 4(d) ). This can be attributed to the high frequency of optical modes-the reduction of LO-phonon occupation directly suppresses the phase space of polar interaction, which leads to the lower electron-LO-phonon scattering rates.
Another effect of the large LO-phonon frequency is that in polar materials, the electrons require a higher energy to assist the phonon-emission transitions, which means that the electrons near the band edge (for BAs, ε < 0.09 eV) are only subjected to the phonon-absorption scatterings as shown in Figs 
